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CHAPTER-1 
1. INTRODUCTION 
1.1. Polymer 
A polymer is a giant molecule made by joining of a large number of small 
molecules (monomers) connected by covalent chemical bonds. The word 
/•polymer" is derived from two Greek words, "poly" which means "many" 
and "mers" which means "part" [1-3]. A simple example a polymer is 
polyethylene which is produced by joining of a large number of ethylene 
molecules as shown in Figure-1. 
1.2. Polymerization 
The process of producing polymers by repeated joining of monomers with 
itself or with similar other molecules, is called polymerization. For polymer 
formation, a monomer should have at least a functionality of two, i.e. a 
'monomer must have at least two reactive sites by virtue of the presence 
of a double bond, two reactive functional groups or two easily replaceable 
hydrogen atoms etc. [3]. The chemistry of polymerization depends on the 
mechanism of joining of the monomer units. 
1.2.1. Chain (addition or vinyl) polymerization 
This type of polymerization involves self-addition of a monomer molecules 
or joining of different monomers (generally of vinyl type) by chain reaction. 
H H 
V ^ 
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or more simply - -C — C-|- n = a very large integer 
\ H H/n 
polyethylene 
Figure-1. Polymerization of ethylene into PE. 
The reaction is very fast and a high molecular weight polymer is formed. It 
involves three steps namely (1) initiation, (ii) propagation and (iii) 
termination. This polymerization can be brought about by free radicals, 
ions (cations or anions), coordination compounds etc. Monomers that 
undergo polymerization by this process are vinyls, allyls, olefins and 
dienes as given in Figure-2 [4,5]. 
1.2.2. Step (condensation polymerization) 
It proceeds through the individual chemical reaction between the 
functional groups of the monomers. The reaction takes place in the 
stepwise manner, so that the polymerization reaction is slow and 
proceeds for relatively longer period of time. As this reaction takes place 
stepwise, the chain length increases slowly and high molecular weight 
.polymer is formed only towards the end of the reaction. This type of 
polymerization is used in the synthesis of polyesters, polyamides, 
polyethers, polyurethanes etc. as evident from Figure-3 [6,7]. 
1.2.3. Copolymerization 
Simultaneous polymerization of two different monomers results in 
copolymers with unique and valuable properties. Copolymerization can be 
brought about by free radical, ionic and polycondensation mechanisms as 
shown in Figure-4. Nylon 6,6 is an example of a copolymer produced by 
polycondensation while Buna-S is an example of a copolymer produced 
by addition polymerization. 
Copolymers, on the basis of their style of joining of the monomers, may 
be of following types- (i) random copolymers, {ii)alternating copolymers. 
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Figure-2. Addition polymerization of styrene into PS. 
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Figure-4. Copolymerization of hexamethylenediamine 
and adipic acid into nylon 6,6. 
(iii) block copolymers and (iv) graft copolymers while a terpolymer is a 
polymer produced from three distinct monomers [8,9] as follows 
(Figure-5): 
(a) Random copolymers are those where the distribution of the two 
monomer residues in the chain is essentially random, 
,(b) Alternating copolymers are those .in which one monomer alternates 
with the other monomer residue in the chain, 
(c) Block copolymers comprise of substantial sequences or blocks of each 
monomer in the chain and 
(d) Graft copolymers in which branches of one monomer are grafted on 
the backbone of the other monomer. 
1.4. Classification of Polymers 
Large number of chemical compounds undergo polymerization to produce 
polymers for a variety of applications due to their wide range of physical, 
chemical, mechanical, thermal and electrical properties [3,10,11-13]. 
Figure-6 gives the classification of polymers. 
1.5. Electrical Conductivity in Materials 
In many materials such as crystals, stretched polymers and liquid 
crystals, macroscopic properties (strength, optical and electrical 
properties) generally depend on direction. They are said to be anisotropic. 
Similarly, the electrical conductivity of materials may also depend on the 
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Figure-5. Types of copolymers. 
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direction of measurement and can be anisotropic. Three simple carbon 
compounds are diamond, graphite and polyacetyiene and they may be 
•regarded as three-, two- and one-dimensional forms of carbon materials 
respectively. Diamond and graphite are modification of pure carbon while 
one hydrogen atom is bound to each carbon atom in polyacetyiene. 
.'Diamond containing only a-bonds, is an insulator and its high symmetry 
gives it isotropic properties. Graphite and polyacetyiene both have mobile 
TT-electrons and are highly anisotropic metallic conductors when doped. 
The conductivity is about one million times greater along the plane of the 
graphite rings than at right angle to the plane i.e. a(paraiiei/cr(perpendicuiar) = 
10^. Correspondingly, the conductivity of stretch-orientated polyacetyiene 
is some 100 times higher in the stretch direction than perpendicular to it. 
The smaller anisotropy in polyacetyiene compared to that in graphite i.e. 
non-vanishing a(perpendicuiar), could suggest, "short-circuiting" across the 
chains. Since polyacetyiene chains are not infinite, contacts between 
them are important if the material has to be macroscopically conductive. 
This could thus explain the lower conduction anisotropy of polyacetyiene 
as compared to graphite. 
Anisotropy is also interesting in other contexts of stretch aligned 
•polymers. When the absorption of light is anisotropic, the material acts as 
a polarizer. Also, the mechanical strength of such a polymer is 
anisotropic, aligned polyacetyiene fibers are known to be stronger along 
of the direction of orientation [14]. 
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1.6. Electroactive Polymers 
Inherently, organic polymers with all-carbon backbones are insulators and 
can be used as encapsulating materials where a medium of high 
resistivity is required such as in the coatings for electrical items and 
cables. It has been found that the resistivity can be decreased if a 
,composite of the polymer with carbon black or finely divided metal is 
formulated but the conduction in such materials takes place via the filler 
and not through the polymer. Polymer merely acts as an adhesive and as 
a supporting matrix. Incorporation of such fillers may increase or 
decrease the mechanical strength of the polymers. 
In 1977, the first major breakthrough was achieved when it was 
discovered that polyacetylene which is a very poor electrical conductor in 
the pure state, could be turned into a highly conductive polymer on 
reacting with l2and converting it into .its salt. The result of this chemical 
reaction was a dramatic increase of over 10 °^ order of magnitude in 
electrical conductivity. As the electrical conduction occurs due to the 
movement of electrons through the polymer, this discovery has added an 
exciting new dimension to the rapidly expanding area of synthetic 
.polymers. Other polymers that display similar characteristics are usually 
polyconjugated structures which are insulators in the pure state but can 
be converted into polymer salts on treatment with oxidizing or reducing 
agents showing electrical conductivities comparable to that of metals. 
.'Some idea of the electrical conductivities (a) of the different types of 
materials including conducting polymers is given in Figure-7 where o 
varies from 10'^ ^ Scm'^  for a good polymeric insulator 
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Figure-7. Electrical conductivities (Scm"^ ) of polymers 
and related materials [15]. 
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(polytetrafluoroethylene) to ~10^Scm'^ for a metallic conductor (copper) 
[15]. 
1.7. Conduction Mechanisms 
Electrical conductivity is a function of the number of charge carriers of 
species "i" (n,), the electronic charge on each carrier (e,) and the mobility 
of the charge carriers (|j|) as given under: 
a = n|£,(j, (1) 
Conduction in solids is usually explained in terms of the band theory. This 
theory postulates that when atoms OF molecules are aggregated in the 
solid state, the outer atomic orbitals containing the valence electrons split 
into bonding and antibonding orbitals and mix to form two series of 
closely-spaced energy levels i.e. bands. These bands are usually called 
the valence band and the conduction band respectively. If the valence 
•band is only partly filled by the available electrons or the two bands 
overlap so that no energy gap exists between them. Then application of 
-potential in such materials will raise some of the electrons into empty 
levels where they will be free to move throughout the solid thereby 
producing a current. This is the description of a conductor. 
On the other hand, the valence band is full and is separated from the 
empty conduction band by an energy gap, there can be no net flow of 
electrons under the influence of an external field unless electrons are 
elevated into the empty conduction band. This will require a considerable 
expenditure of energy. Such materials are either semiconductors or 
insulators, depending on how large the energy gap is and the majority of 
13 
polymers are insulators due to the large band gap. The band model thus 
assumes that the electrons are delocalized and can extend over the 
lattice as depicted in Figure-8. 
When we come to consider electronic conduction in polymers, band 
theory is not totally suitable because the atoms are covalently bonded to 
one another, forming polymeric chains that experience weak 
intermolecular interactions. Thus, macroscopic electronic conduction v/ill 
require electron movement, not only along chains but also from one chain 
to another [15]. 
1.8. Doping in Conjugated Polymers 
'In order to conduct, a polymer must have a conjugated backbone for easy 
movement of charge carriers. However, the conjugated polymers do not 
contain any intrinsic charge-carriers, charge-carriers have to be provided 
extrinsically, typically by a charge transfer process, generally knows as 
'doping' in a very poor analogy to silicon technology. 
Polymers have the electronic profiles of either insulator or 
semiconductors. Thus the band gap in a fully saturated chain such as 
polyethylene is ~ 5 eV and decreases to about ~1.5 eV in the fully 
conjugated system of polyacetylene. The respective intrinsic 
conductivities are 10'^''Scm'^ and ~ 10'^Scm"\ both of them are very low. 
Conjugated polymers can be made conductive either by oxidizing or 
reducing the polymer using a suitable reagent i.e. the dopant. 
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1.8.1. Doping process 
The role of the dopant is to either remove or to add electrons to the 
polymers. These dopant acts as charge transfer agents. The electrical 
conductivity can be increased by "doping" i.e. p-type doping (oxidation) or 
n-type doping (reduction) increase the electrical conductivity to many 
orders of magnitude. This explanation is an over-simplification, as the 
.conductivity in polymers is associated with charge carriers that do not 
have free spins, rather than the expected unpaired electrons detected in 
metals, so a modified model must be developed. The doping reaction can 
be represented in the generalized case of a conjugated polymer for 
oxidation by: 
Oxidation 
P • [P:nXl[nA"] (p-type doping) 
n X'A' 
Reduction 
p • [P:nAl[nX"] (n-type doping) 
nX"A-
(2) 
(3) 
where P represent a section of polymer chain. The first step is the 
formation of a cation (or anion) radical, which is called a soliton or a 
polaron. This step may then be followed by a second electron transfer 
with the formation of dication (ordianion) known as bipolaron. 
Alternatively, after the first redox reaction, charge transfer complexes may 
form between charged and neutral segments of the polymer when 
possible. 
The general principles can best be illustrated by examining specific 
examples, in particular polyacetylene, which has been studied intensively. 
The reactions between conjugated polymers and oxidants (p-type doping 
by an acceptor) or reductants (n-type doping by a donor) have been 
observed to cause a dramatic increase in electrical conductivity as 
evident from Table-1. 
Doping is a multi-stage process, involving electron removal from polymer 
chain and typically maximum upjo 50%. The charge-carriers in the form 
,of radical cations (p-type) or radical anions (n-type) are thus produced on 
the polymer chains. They are called polarons (with spin) and bipolarons/ 
solitons (spinless) at low and high dopant concentrations respectively as 
shown, for example, in case of polyphenylene in Figure-9 and the effect 
of dopant concentration on number of spins and electrical conductivity is 
shown in Figure-10. 
The commonly used oxidants (p-type dopant) may include HCIO4, FeCis, 
AsFs, I2, NH4BF4, SO3CF3, HCI, HNO'3,H2S04, H3PO4 etc. whereas 
reductants (n-type dopants) may include Li, K, Na etc. A general equation 
for doping of a conjugated polymer may be given by the following 
chemical reactions [15,16]. 
P + 2n FeCl3 -> [P'"][nFeCl4"] + n FeCIs (4) 
P + nNa - ^ [ P T [ n N a 1 (5) 
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1. An unstable diradical with spin and wittiout charge. 
2. A stable polaron 'p-type' with spin charge. 
Electron Acceptor 
3. A stable bipolaron 'p-type' with charge and without spin. 
-<D^0=0 
Electron Acceptor 
4. A stable polaron 'n-type' with spin and charge. 
-^^-CMD 
Electron Donor 
5. A stable bipolaron 'n-type' with charge and without spin. 
C 
Electron Donor 
Figure-9. Schematic diagram of evolution of charge-
carriers in the form of polarons and 
bipolarons in poiyphenylene [17]. 
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Figure-10. Schematic diagram of the effect of dopant 
concentration on number of spins and 
electrical conductivity [17]. 
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counterions is required so that the polaron can move in the field of close 
counterions. This explains the high extent of doping in conducting 
polymers. 
If a second electron is removed from an already-oxidized section of the 
polymer, either a second independent polaron may be created or, if it is 
the unpaired electron of the first polaron that is removed, a bipolaron is 
formed. The two positive charges of the bipolaron are not independent, 
but move as pair, like the Cooper pair in the theory of superconductivity. 
While the polaron, being a radical cation, has a spin of 1/2, the spins of 
the bipolarons sum to zero. Other differences in the polymer chain which 
are important for conductivity in polyacetylene, are solitary wave defects 
i.e. "solitons". Figure-12 shows how a c/s-polyacetylene chain by 
undergoing "thermal" isomerization to trans- structure creates a defect, a 
/Stable free radical which is a neutral soliton. Although it can propagate 
along the chain and may not itself carry any charge. On the other hand, it 
may contribute to charge-transfer between different chains. 
Bulk conductivity in the polymer material is limited by the need for the 
electrons to jump from one chain to the next i.e. in molecular terms an 
intermolecular charge-transfer reaction. It is also limited by macroscopic 
factors such as bad contacts between different crystalline domains in the 
material. 
One mechanism proposed to account for conductivity by charge-hopping 
between different polymer chains is "intersoliton hopping". Here an 
electron is jumping between localized states on adjacent polymer chains; 
the role of the soliton is to move around and to exchange an electron with 
a closely located charged soliton, which is localized. The mechanism at 
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(a) 
all-c/5 isomenzation 
(b) 
(c) 
(d) 
(e) 
Figure-12. Creation of soliton by isomerization of 
c/s-polyacetylene Into trans polyacetylene 
and its movement (a->b) by pairing to an 
adjacent electron (b->e). Generally solitons 
made by doping are more important than 
bond alternation defects like the one 
illustrated in this figure [14]. 
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work in intersoliton hopping is very similar to that operating in most 
conducting polymers somewhere in between the metallic state at high 
doping and the semiconducting state at very low doping. All conjugated 
polymers do not carry solitons, but polarons can be found in most of 
them. Charge-transport in polaron-doped polymers occurs via electron 
transfer between localized states being formed by charge injection on the 
chain as shown in Figure-13 [14]. 
1.9. Polymer Microstructure 
Two polymer samples can have the same chemical structures, molecular 
weights and almost similar molecular weight distributions but may have 
different properties. One sample may be amorphous while the other 
crystalline; one soft and flexible, the other hard and rigid and so on. All 
such properties depend on intermolecular and intramolecular interactions 
of polymer chains in the aggregated state. The nature and magnitude of 
such interactions depend, apart from the chemical characteristics of the 
monomer(s), on the manner in which these monomeric units are linked 
.with each other in the polymer. Whereas the number and chemical nature 
of monomeric units forming the macromolecule gives ah overall picture of 
the polymer chain, the manner in which they are linked gives finer aspects 
of the picture. In other words, the number of monomeric units depicts the 
macrostructure and the mode of their interlinking indicates the 
microstructure of the polymer molecule [18]. 
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Figure-13. Intersoliton hopping: charged solitons 
(bottom) are trapped by dopant counterions 
while neutral solitons (top) are free to move. 
A neutral soliton on a chain close to one with 
a charged soliton can interact. The electron 
hops from one defect to the other [14], 
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1.9.1. Polymer morphology at micro-molecular level 
.1.9.1.1. //7 polymers made from unsymmetrical monomers 
When unsymmetrical monomers such as vinyl chloride is involved, the 
linking can be in four different ways: (a) head-head linking, (b) tail-tail 
linking, (c) head-tail linking and (d) tail-head linking as evident from 
Figure-14. 
1.9.1.2. In polymers which contain C=C 
In geometrical isomerism, double bond containing carbon atoms are 
involved. Geometrical isomerism arises from different configuration of the 
•'substituent on a C=C and depends on how substituent groups are 
positioned. In the case of 1,3-butadiene polymerization, the double bond 
provides a site for a geometrical isomerism. Depending on the position of 
CH2 groups, the two possible configurations are (Figure-15): 
(a) where both the CH2 groups are on the same sides of the double bond, 
the configuration is called as cis configuration and 
(b) where both the CH2 groups are on the opposite sides of the double 
, bond, the configuration is called as trans configuration. 
1.9.1.3. In polymers containing chiral carbon atoms 
Each of the chiral carbon provides a site for optical isomerism, depending 
upon the position of groups on above or below the plane. Considering the 
example of polystyrene (Figure-16): 
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1H.MJI.1I! 
Q \ fu-.iJ tu-.iJ 
i.ii! l;iil 
Figure-14. Modes of linking in unsymmetrical monomers 
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C=C \=C 
'^^^ trans 
Figure-15. Cis-trans isomerism in polymers. 
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Figure-16. Tactlcity in polymers 
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(a) when all the phenyl groups are on the same side of the plane, the 
structure is called as isotactic, 
(b) when all the phenyl groups alternate their position, the structure is 
called as syndiotactic and 
(c) when all the phenyl groups are in random order, the structure is called 
as atactic. 
1.9.1.4. Chain structures 
Homopolymers and copolymers can exist in different chain configurations, 
viz. linear, branched, cross-Linked, star shaped etc. (Figure-17) as 
follows: 
(a) in linear chain, each monomeric unit is linked with two other monomer 
forming a continuous chain, 
(b) some side growth also takes place from the main chain resulting in the 
formation of branched polymer molecules and 
(c) side chains from one polymer molecule could possibly interact with 
those from the neighbonng ones resulting into the formation of cross-
linked polymers. 
1.9.2. Polymer morphology at macro-molecular level 
1.9.2.1. Crystallinity 
Polymerized chains are held together by weak secondary (intermolecular) 
bonds known as van der Waal's forces. As the chains grow during 
polymerization, they intermingle in a random pattern that will lead to an 
32 
'•'»«iii|iNi.*iimw» 
Linear chain polymer Branched chain polymer Cross linked polymer 
Figure-17. Different chain configurations of 
homopolymers and copolymers. 
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•'amorphous (disorderly) structure as the growth of chains is three 
dimensional and not simply flat. Polymers are only partially crystalline in 
varying degrees. Crystallinity in polymers can alter strength and 
toughness. The twisting, coiling and branching of polymer chains cause 
disorder and amorphous regions are developed in polymers as they 
solidify. Most amorphous polymers are less dense than crystalline 
polymers due to close packing of chains in crystalline polymers. 
The degree of crystallinity is determined by structural regularity, 
compactness and amount of flexibility which allows packing of chains. 
Reduction of random chain lengths too provides regularity. Stronger 
secondary forces allow greater compacting. Other chemical factors that 
also affects crystallinity, includes configuration and tacticity. 
Polyethylene serves as a good example of a polymer capable of a high 
degree of crystallinity because: 
(a) the linear structure of the chains is conducive to packing and 
•'(b) its molecular pattern is flexible which provides easy packing even 
though it has weaker secondary bonding. Secondary bonds {van der 
Waal's forces) normally promote crystallinity. 
1.10. Polymer Modification 
Polymer modification has become a major route to the polymers of better 
polymer properties and wider polymer applicability in the 1990's. The high 
cost of developing a completely new polymer and the many long term 
performance objectives a new polymer must meet, have pushed polymer 
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industry to innovate newer polymers by modification and blending rather 
than synthesizing of new monomers or polymers. 
Although, we rarely think that society needs materials to do the work and 
promote the pleasure, we take for granted. Without the.advent of rubber, 
we would have been still riding on wood wheels sheathed in iron. We 
would have no consumer plastics without hydrocarbon polymers. The new 
materials, which made each of these new inventions possible, were 
developed by chemistry that purified, altered or synthesized a new 
polymeric material from petroleum. A major change is going to take place 
in the beginning of the 21^' century, as our society must switch from oil to 
another carbon source to make the elastomers and the plastics we need. 
The source of carbon for the future technologies is actually the one we 
.'have previously used i.e. corn stalks, bark, saw dust and lawn trimming 
we dispose e^/eryda)/. 
The force that is causing the change in the carbon source is the loss in its 
supply. It is important to realize that any archaeological age, such as the 
iron age, ends before the participants realize it. We are currently at the 
end of the age of oil. The slow decline in available oil reserves during the 
early 21^' century will make coal or biomass a more important source of 
chemicals for our society in the future. As the age of oil changes to age of 
biomass, the refinery chemistry that has served the chemical and 
transportation industries well for 80 years, will have to be replaced by 
biomass modification chemistry, much oi that chemistry will involve 
"polymer modification" [19]. 
Modification of polymers provides a simple and powerful way to produce 
materials with improved properties such as enhanced thermal stability. 
biological resistance, increased electrical conductivity, particular physical 
responses, compatibility, degradability, flame resistance, impact 
response, flexibility, rigidity etc. It is the only way to obtain materials 
derived from natural polymers such as cellulose and starch or the 
polymers with no available monomers for example polyvinyl alcohol. 
The properties of materials depend on its molecular structure and 
•'morphology. Therefore, it is possible to obtain new materials with desired 
properties by means of appropriate controlled modifications of easily 
available polymers. Figure-18 and Figure-19 shows the general strategy 
used for the modification of polymers. 
1.10.1. Some modified natural polymers 
1.10.1.1 Vulcanized rubber 
Vulcanization of rubber was discovered in 1839 by C. Goodyear. It 
involves cross-linking of polyisoprene chains of various lengths by 
reacting with sulphur. Sulphur alone gives long polysulfide bridges 
between polyisoprene chains, with z=45 to 50. Without cross-linking, 
natural rubber is sticky and not elastic, a useless material devoid of any 
mechanical properties like chewing gum. Thus, it is essential to vulcanize 
rubber in order to improve its properties as shown in Flgure-20. 
1.10.1.2. Cellulose nitrate 
Cellulose nitrate contains 2 to 2.5 nitrate esters per repeat monomer unit. 
It is very flammable material. It was used for early photographic and 
motion picture films. This material is still finding use in table tennis balls 
and wood varnishes (Figure-21). 
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Figure-18. General approach for obtaining a new material 
through modification process. 
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Figure-19. General approach for modification and applications 
of new materials. 
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Figure-20. Modification of natural rubber 
(vulcanization by sulphur). 
39 
/ 
ONO, 
H -0 
HNO. 
'0 
/ 
H N / ONO2 ; y\ r-
H ONO2 
Figure-21. Modification of cellulose into cellulose nitrate. 
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1.10.2. Some modified synthetic polymers 
1.10.2.1. Butavar 
Polyvinyl alcohol is a water-soluble polymer and used as a thickener and 
to make "slime". Its derivatives such as polyacetal, are used to make 
automobile safety glasses (Figure-22). 
1.10.2.2. Graphitic Fibers 
Pyrolysis of acrylonitrile fibers in the absence of oxygen gives ring closure 
followed by condensation to produce graphitic fibers used in aerospace 
and sporting goods (Figure-23). 
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Figure-22. Modification of polyvinyl alcohol into Butvar. 
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Figure-23. Modification of polyacrylonitrile by pyrolysis. 
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CHAPTER-2 
2. EXPERIMENTAL 
2.1. Reagents and Instruments 
Ammonia solution, Qualigens, India Ltd., (used as received), Acetone, 
Polyacrylic acid; used as received, 99%, Qualigens, India Ltd. (used as 
received), N-Methyl 2-Pyrrolidone, Hydrochloric acid, 35%, E.Merk, India 
Ltd., (used as received). Potassium persulphate, 98%, CDH, India Ltd. 
(used as received), Electrically operated automatic pressure machine 
(TSI) Model PF-A15, Dry box, 9V Battery, On-off key and Digital micro-
voltmeter, Model DMV-001 (Roorkee, India). 
2.2. Synthesis of Polyaniline 
Polyaniline (PANI) was prepared by polymerizing aniline (0.2M) in 1M HCI 
with small portions of oxidant potassium persulphate (0.1M) in 1M HCI at 
ice temperature. The reaction mixture was then left for continuous stirring 
on a magnetic stirrer and then refrigerated for 10-12 hours. The mixture 
was poured over Bookner funnel and washed repeatedly with distilled 
water until filtrate became neutral. The green colored powder so formed 
was dried in an air oven at 40°C overnight. The polymer thus prepared 
was undoped with excess of ammonia (1M) and then washed with 
distilled water until filtrate became neutral. 
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Different concentrations of aniline, potassium persulphate and 
experimental conditions applied for the polymerization of aniline to 
establish the best yield method. Tab!e-2 shows the possible 
concentration ratios and experimental conditions applied for the chemical 
.synthesis. 
2.3. Preparation of polyacrylic acid modified polyaniline 
Polyacrylic acid (1 g) was dissolved in 30 ml of N-methylpyrrolidone and 
stirred vigorously to obtain a homogenous solution. The solution was 
mixed with different amount of double distilled aniline and stirred for 1 
hour at 80°C. Finally the solution was treated with 0.1M potassium 
persulphate in 1M HCI solution and left for 6 hours at ice temperature in 
order to polymerize aniline. A dark green solution was obtained, this 
•'solution was poured in double distilled water and the polyacrylic acid 
modified polyaniline was precipitated which was later filtered with 
Whatman filter paper. The residue was washed with double distilled water 
up to acid neutralization and to remove unreacted salts and aniline. The 
residue was undoped with aqueous ammonia solution (3%) and then 
washed repeatedly with distilled water until filtrate became neutral. The 
material was dried at 40°C in air oven and then stored in a desiccator for 
experiments. 
'2.4. Film Formation 
A small portion of the prepared material was pressed in an electrically 
operated automatic pressure machine (Model-TSI PFA-15) at a 
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•'temperature of 90°C at a pressure of 7 tons. The films thus obtained are 
of thickness -0.4 mm. 
3.5. Doping of Films 
Polyacrylic acid modified polyaniline films were doped by treating with 1M 
HCI solution. The films were treated with 200 ml of 1M HCI solution in a 
glass beaker and left at room temperature for 24 hours. 
2.6. Characterization 
2.6.1. FTIR spectroscopic studies 
FTIR spectrum of polyacrylic acid modified polyaniline was recorded by 
Nicolette-Protege 460. 
2.6.2. Scanning electron microscopic (SEM) studies 
For the study of the difference in surface morphology between the parent 
materials and modified films, SEMs were performed by LEO-435 VP SEM 
Instrument. 
2.6.3. DC electrical conductivity measurements 
DC electrical conductivity of the films was measured with increasing 
temperature by using a four-in-line probe DC electrical conductivity-
measuring instrument. DC electrical conductivity (a) was calculated using 
the following equations: 
P 
P 0 
G,{W/S) (9) 
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G,(WIS) = [^y2 (10) 
P.- (7J2-S (11) 
0 = 1/p (12) 
Where a, p, p I, V, W and S are DC electrical conductivity (Scm'^), 
corrected resistivity (ohm cm), uncorrected resistivity (ohm cm), current 
(A), voltage (V), thickness of the film (cm) and probe spacing (cm) 
respectively [1]. G7(W/S) is a correction divisor which is a function of 
thickness of the sample as well as probe spacing. 
The sample to be tested is placed on the base plate of four-probe 
arrangement and the probes were allowed to rest in the middle of the 
sample. A very gentle pressure is applied on the probes and then it was 
tightened in this position so as to avoid piercing of the probes into the 
samples. The arrangement was placed in the oven. The current was 
passed through the two outer probes and the floating potential across tiie 
inner pair of probes was measured. The oven supply is then switched on, 
the temperature was allowed to increase gradually while the current and 
voltage were recorded simultaneously with rise in temperature from 30°C 
to100°C. 
2.6.4. Isothermal technique 
The thermal stability of composite samples in term of DC electrical 
conductivity retention was studied under isothermal conditions by using 
four-in-line DC electrical conductivity measuring instrument. This study 
was carried out at SOX, 70°C' 90°C, 110°Cand 130°C. The electrical 
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conductivity measurements were done at an interval of 10 min. The data 
obtained for samples were plotted as a versus T. 
2.7. Thermal Analysis 
Simultaneous differential thermal analysis (DTA) and thermogravimetric 
analysis (TGA) were performed on selected composition film by using 
DTG-60H (Shimadzu). The samples were heated from 0°C to 900°C at 
the rate of 25°C/min at an air flow rate of 30 ml/min. 
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CHAPTER-3 
3. RESULTS AND DISCUSSION 
3.1. Synthesis of Polyaniline 
Polyaniline was prepared using different concentrations of aniline and 
K2S2O8 to find out best method which could give the best yield. During the 
synthesis, the time interval of stirring as well as that of refrigeration was 
also taken into consideration. The reaction mixture was frequently stirred 
for 1-2 hours and left in refrigerator for overnight. Best yield of polyaniline 
was obtained when taken out of refrigerator after 6 hours. Overnight 
refrigeration results in the over oxidation of the product with lower 
electrical conductivity {Table-3), 
Surveying all the results of the synthesis, the best yield was obtained from 
0.2M aniline and 0.1M potassium persulphate in 1M HCI stirred for 1 hour 
and refrigerated for 6 hours. 
3.2. Preparation of Polyacrylic Acid Modified Polyaniline films 
The preparation of polyacrylic acid modified polyaniline films were done 
by stirring different ratios of aniline with polyacrylic acid later polymerizing 
aniline within the polyacrylic acid matrix. Films were prepared by 
electrically operated automatic pressure machine and then was doped 
with HCI (Table-4). 
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When the films were oxidized by potassium persulphate (K2S2O8) in acidic 
media (HCI), the protonated conducting form of polyaniiine (emeraldine 
salt) is produced as black color [1] shown in Figure-24. 
Schollhorn and Zagefka [2] have suggested a redox reaction for ammonia 
or amine intercalation into layered metal chalcogenides which has been 
further supported by the work of Foot and Shaker [3]. On the basis of 
disproportionation reaction of ammonia, F. Mohammad [4] as suggested 
a disproportionation reaction for the undoping of polythiophene (PTH) by 
water. The overall chemical reactions are given in the following equation: 
8NH3 - • 6NH/ + 6e' + N2 (13) 
PTH'-BF4" + N H / + e" — • PTH + NH4 BF4 (14) 
•6H2O — • 4H30'+4e" + 02 (15) 
PTH"-BF4' + H3O" + e' — • PTH + HBF4 + H2O (16) 
HBF4 — • HF + BF3 (17) 
The charge neutralization reaction depends on the rate of chemical 
reaction between the doped polymer and undoping agent. Which in turn 
depends on the reactivity of the polymer chain and basic strength of 
undoping agent [4]. The basic strength of water is very .low, hence, it does 
not act as an effective undoping agent in the case of polyaniiine, however, 
an analogous neutralization reaction for the undoping of the polyaniiine 
component by ammonia solution may be suggested as under Figure-25. 
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Figure-24. Chemical structure of emeraldinehydrochloride. 
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'[PANI-nH^(PAA)][nCr] + n NH4OH - > 
PANI(PAA) + nNH4CI + n H2O (18) 
3.3. Characterization 
3.3.1. FTIR studies 
In the FTIR spectra of polyacrylic acid modified polyaniline (Figure-26), 
the band corresponding to out of plane bending vibration of C-H bond of 
p-disubstituted benzene rings appears at 824 cm"\ The bands 
.'Corresponding to vibration mode of C=C of quinoid ring and stretching 
mode of C-N in benzenoid rings appear at 1595 cm"^  and 1288 cm"^  
respectively. The band close to 1130 cm"^  is described as being 
characteristic of the conducting polymer due to the delocalization of 
electrical charges caused by deprotonation. The FTIR spectrum supports 
the presence of benzenoid as well as quinoid moieties in the polyaniline. 
The characteristic bands at around 1450,1407 cm"\ attributed to 
polyacrylic acid are present in all the spectra. As-prepared polyacrylic 
acid modified polyaniline samples showed a strong band around 1710 cm" 
^ corresponding to the carbonyl group of acid and at 2955 cm"^  
corresponding to OH stretching of acid. The band at 1628 cm"^  is due to 
asymmetrical stretching of carboxylate anion. For polyaniline, the band 
corresponding to out of plane bending vibration of C-H bond of p-
disubstituted benzene ring appears around 824 cm"\ The band at 3300 
cm"^  corresponds to N-H stretching of polyaniline. The gradual increase in 
the intensities of the bands corresponding to polyaniline and decrease in 
the intensities of bands corresponding to acrylic acid support the gradual 
change in the composition of the samples. 
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Figure-26. FTIR spectra of pofyacryfic acid modified 
polyaniline films. 
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3.3.2. SEM studies 
Figure-27 shows the SEM photographs of polyacrylic acid modified 
polyaniline at different magnifications. 
3.3.3. Electrical properties of films 
The 4-in line-probe-DC electrical conductivities of the films were 
measured from 30 to 100°C and were found in the semiconducting region, 
as presented in Table-5. 
All the PANI-PAA modified samples, in principle, followed the Arhenius 
equation for temperature dependence of electrical conductivity, as shown 
.'in Figure-28. This suggests the semiconducting nature of the HCI-doped 
materials. No semiconductor-to-metal transition was observed. However, 
the electrical conductivity of HCI-doped PANI-PAA modified samples in 
the insulating region suggested that that the PANI concentration in the 
films was well below the percolation threshold. 
3.3.4. Thermal stability in terms of DC electrical conductivity 
retention 
Four samples, PANI-PAA-1, PANI-PAA-2, PANI-PAA-3 and PANI-PAA-4 
.were selected for the study of thermal stability in terms of DC electrical 
conductivity retention. It was observed that the electrical conductivity of 
PANI-PAA increased on exposure to HCI, due to doping of polyaniline 
component films, as evident from the following equation [5,6]. 
The isothermal stability of the HCI doped films in term of DC electrical 
conductivity retention was carried out at 50°C, 70°C, 90°C, 110°C and 
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Figure-27. SEM photograph of (a) polyaniline, (b) polyacrylic 
acid (c) and (d) of polyacrylic acid modified polyaniline at 
different magnifications. 
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Figure-28. Continued. 
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Figure-28. Temperature dependence on the electrical 
conductivity of (a) PANI-PAA-1, (b) PANI-PAA-2, 
(c) PANI-PAA-3 and (d) PANI-PAA-4. 
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130°C in temperature controlled oven fitted with 4-in line-probe device. 
The electrical conductivity measurements were done at an interval of 10 
minutes in the accelerated ageing experiments. The electrical conductivity 
measured with respect to time of accelerated ageing is presented in 
Figure-29. The thermal stability was also studied by repeatedly 
measuring DC electrical conductivity with increasing temperature from 50 
Ao^30°C for five times at an interval of 40 minutes as shown in Table-6. 
The electrical conductivity of the polyacrylic acid modified polyaniline films 
was measured from 30 to 130°C and found in the semi-conducting region. 
All the films followed Arhenius equation for the temperature dependence 
of the electrical conductivity from 30 to 110°C. After that a deviation in 
electrical conductivity was observed. A combination of all or some of the 
following factors could be responsible for the decrease in electrical 
conductivity beyond 130°C such as the loss of dopant, the chemical 
reaction of dopant with polyaniline or polyacrylic acid, the semi-conductor 
•to metal transition and the approaching of Tg. The studies on the stability 
of electrical conductivity under isothermal conditions at 50, 70, 90, 110 
and 130°C showed that the electrical conductivity is more or less stable at 
50, 70 and 90°C supporting the fact that all the films were sufficiently 
stable in term of DC electrical conductivity retention under ambient 
conditions below 90°C and the electrical conductivity decreases with 
respect to time at 110°C to 130°C may be attributed to the loss of dopant 
and the chemical reaction of dopant with polymers. The stability in term 
DC electrical conductivity retention was observed to be fairly good as 
studied by isothermal technique. The polyacrylic acid modified polyaniline 
films were found to be suitable for use in electrical and electronic 
applications below 90°C under ambient conditions. 
63 
0 L 
20 40 
Time (min) 
60 
-»—50 , 
H K - 7 0 
-A—90 ' 
-^<-110 
- * - 1 3 0 
(a) 
-50 
-70 
-90 
• 110 
• 130i 
20 40 
Time (min) 
60 
(b) 
Figure-29. Continued. 
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Figure-29. Stability in terms of DC electrical conductivity 
retention under isothermal conditions at 50, 70, 
90,110 and 130°C.(a)PANI-PAA-1, (b) PANI-PAA-2, 
(c)PANI-PAA-3 and (d) PANI-PAA-4. 
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3.3.5. TGA studies 
In presence of atmospheric oxygen, the polynners containing low 
dissociation bond energies are the most susceptible to oxygen attack 
whereas polymers containing phenyl group, C-F, rings etc. are expected 
•to show higher oxidative stability at elevated temperatures. Another 
reason for lower thermal stability of polymers than usually expected is due 
to the accidental inclusion of weak linkages in the main chain. While the 
presence of aromatic moieties in polyaniline will impart a better oxidative 
stability, the presence of C-N linkages will make it susceptible to oxygen 
attack. The doped polyaniline, like other p-type doped conducting 
polymers, would be expected to be stable to oxygen but will be 
susceptible to reaction with strong doping agents. [7-11]. 
One sample PANI-PAA-4 was taken for TGA and DTA studies. The 
thermogravemetric analysis of doped polyacrylic acid modified polyaniline 
film is presented in Table 7. 
Initial weight loss of around 5.629% up to 200°C may be attributed to the 
loss of moisture or other volatile materials or hydrogen bonded water 
molecules with polyacrylic acid. The film shows some stability up to 200C 
after that two step weight loss is observed. The TGA curve shows 
massive weight loss on further heating which is also supported by 
exothermic peak for DTA. The weight loss is due to thermo-oxidative 
•'degradation of acrylic acid. The last step may be associated with the 
oxidative degradation of polyaniline(Figure-30). 
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Figure 30. (a) TGA of PANI-PAA-4 (b) DTA of PANI-PAA-4. 
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4. Conclusions 
The aim of this study was to prepare poiyacrylic acid modified polyaniline 
films and to study electrical conductivity behavior and thermal stability of 
the films. 
This has been achieved by synthesizing the samples of poiyacrylic acid 
modified polyaniline. Films of desired thickness were successfully 
obtained by pressing the dried samples of PANI-PAA in electrically 
operated automatic press. 
The electrical properties of the samples showed remarkable rise in 
electrical conductivity from insulator to semiconductor after doping it with 
hydrochloric acid. Sample of PANI-PAA were characterized for their 
electrical properties, FTIR and SEM. 
Thermal study by were studied by isothermal techniques and the samples 
were suitable for use in electrical and electronic appliances below 110°C. 
Thermal study was done by thermogravemetric analysis, the samples 
showed considerable stability up to 200°C, after that massive weight loss 
occurred due to oxidative degradation of various moieties present. 
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